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Iron deficiency and iron overload are among themost
prevalent nutritional disorders worldwide. Duodenal
cytochromeb (DcytB)anddivalentmetal transporter1
(DMT1) are regulators of iron absorption. Their
expression is increasedduring high systemic require-
ments for iron, but the molecular mechanisms that
regulate DcytB and DMT1 expression are undefined.
Hypoxia-inducible factor (HIF) signaling was induced
in the intestine following acute iron deficiency in the
duodenum, resulting in activation of DcytB and
DMT1 expression and an increase in iron uptake.
DcytBandDMT1weredemonstratedasdirectHIF-2a
target genes. Genetic disruption of HIF signaling in
the intestine abolished the adaptive induction of
iron absorption following iron deficiency, resulting
in low systemic iron and hematological defects.
These results demonstrate that HIF signaling in the
intestine is a critical regulator of systemic iron
homeostasis.
INTRODUCTION
Hypoxia-inducible factor (HIF) is a heterodimeric nuclear tran-
scription factor consisting of an oxygen sensitive alpha subunit
(HIF-1a and HIF-2a), and a ubiquitously expressed beta subunit,
designated aryl hydrocarbon nuclear translocator (ARNT), also
known as HIF-1b (Semenza and Wang, 1992; Tian et al., 1997;
Wang et al., 1995; Wang and Semenza, 1993). Under normoxia,
HIF-1a and HIF-2a are hydroxylated by an iron-dependent prolyl
hydroxylase (PHD). Following hydroxylation, HIF-1a and HIF-2a
are ubiquitinated by the E3 ubiquitin ligase, von Hippel-Lindau
tumor suppressor (VHL), and degraded via the proteasome
pathway (Ivan et al., 2001; Jaakkola et al., 2001). The importance
of the ubiquitin pathway for HIF-a subunit degradation is under-
scored by the robust HIF activation observed in mouse models
containing a conditional disruption of Vhl (Haase, 2005; Kapitsi-
nou and Haase, 2008). HIF signaling is critical in the adaptive
response to low oxygen levels by activating genes involved in
metabolism, angiogenesis, cell survival, and iron metabolism
(Hu et al., 2003; Lee and Andersen, 2006; Peyssonnaux et al.,
2008; Pugh and Ratcliffe, 2003; Semenza, 2003).
Iron levels are maintained through dietary absorption by
duodenal enterocytes. Dietary ferric iron (Fe3+) is reduced to
ferrous iron (Fe2+) by the apical ferric reductase duodenal cyto-
chrome b (DcytB) (Latunde-Dada et al., 2008; Mackenzie and Gar-
rick, 2005; McKie et al., 2001). Following the reduction of iron to
the ferrous form, iron crosses into the cytoplasm via an apical
iron transporter divalent metal transporter-1 (DMT1, also known
as Nramp2, SLC11a2, and DCT1) (Fleming et al., 1997; Gunshin
et al., 1997; Mackenzie and Garrick, 2005). Both DMT1 and DcytB
are localized to the absorptive microvilli structure termed ‘‘brush
border.’’ Iron is either stored or transported out of the enterocyte
into the circulation by the sole basolateral transporter ferroportin
(FPN, also known as SLC40A1) (Abboud and Haile, 2000; Dono-
van et al., 2000; Donovan et al., 2005; McKie et al., 2000). When
systemic iron requirements are increased, such as in iron defi-
ciency, the expression of DcytB and DMT1 mRNA and protein in
the duodenum are induced and more iron is absorbed (Gunshin
et al., 1997; McKie et al., 2001). Furthermore, the liver plays
a central role in regulating iron absorption by an iron regulatory
hormone, hepcidin (Nicolas et al., 2001, 2002a). Hepcidin, a small
antimicrobial peptide expressed in the liver and secreted into
circulation, acts as an inhibitor of iron absorption. To inhibit iron
absorption, hepcidin binds to basolateral FPN, causing its inter-
nalization and degradation, therefore abolishing iron transport
(Nemeth et al., 2004). The production of hepatic hepcidin is
decreased by iron deficiency and increased during periods of
excess iron (Nicolas et al., 2002b; Pigeon et al., 2001). The mech-
anism by which the apical absorptive proteins DMT1 and DcytB
are regulated by iron status is not as clear; however, a strong
inverse relationship exists between the brush border enzymes
and hepcidin, suggesting a role for hepcidin in regulating their
expression (Frazer et al., 2002; Wessling-Resnick, 2002).
Recently, HIF was shown to regulate hepcidin transcription by
directly binding to and repressing its promoter (Peyssonnaux
et al., 2007). Conditional disruption of Vhl in hepatocytes
resulted in a significant decrease in hepcidin levels through
a HIF-dependent mechanism, thus establishing a role for HIF in
hepcidin regulation in vivo (Peyssonnaux et al., 2007). Further-
more, systemic hypoxia in rodents and the early period of expo-
sure to high altitudes, both resulted in higher iron absorption
(Mendel, 1961; Reynafarje and Ramos, 1961). Given the central152 Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc.
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Intestinal HIF Regulates Iron Absorptionrole for HIF and oxygen signaling in iron homeostasis, it is still
unclear whether HIF signaling is critical for the repression of
hepcidin and reciprocal increase in iron absorption following
iron deficiency.
In this study, HIF signaling was modulated in enterocytes or
hepatocytes using the Cre/loxP strategy, where the Cre trans-
gene is under control of the murine villin and albumin promoters,
respectively. A hepatocyte-specific conditional knockout of
Hif-1a orArnt (inactivates all HIF-a isoforms) had marginal effects
on liver and intestinal responses to low-iron diets. Surprisingly,
intestinal HIF-2 signaling was shown to be critical in regulating
DMT1 and DcytB expression following iron deprivation. These
findings indicate a previously unknown and essential role for
intestinal HIF-2 in response to nutritional iron deficiency and
provide further molecular evidence for a critical link between
iron levels and iron absorption.
RESULTS
Generation and Characterization of Hepatocyte-
Specific Ablation of HIF-1a and ARNT via
Cre-loxP-Mediated Recombination in Mice
To specifically study the role of HIF signaling in hepatocytes,
mice were generated that either lack HIF-1a or the heterodimer
partner ARNT, thus inhibiting both HIF-1a and HIF-2a isoforms.
Hif-1aF/F or ArntF/F mice were crossed with albumin-Cre trans-
genic mice to generate the Hif-1aDLIV or ArntDLIV mouse lines.
The albumin promoter confers adult hepatocyte-specific expres-
sion; promoter activity increased gradually after birth to reach
maximal levels at 2 weeks of age (Postic et al., 1999). Hepato-
cyte-specific disruption ofArnt andHif-1a genes were confirmed
by Southern blotting analysis (Figures S1A and S1B) and mRNA
levels by quantitative RT-PCR (qPCR) analysis (Figures S1C and
S1D). Both Hif-1aDLiv and ArntDLiv mice did not exhibit any
obvious deleterious phenotype under normal breeding condi-
tions. To assess the functional effect of disrupting HIF-1a and
ARNT, global gene expression profiles in the liver of Hif-1aDLiv
orArntDLiv mice were assessed (Tables S1 and S2). These results
suggest that HIF signaling is limited in the liver with no major
alterations of basal gene expression noted under normal physi-
ological conditions. To assess the role of hepatic HIF signaling
in iron homeostasis, Hif-1aDLiv or ArntDLiv mice were fed an
iron-deficient diet for 2 weeks. ArntDLiv mice expressed 5-fold
more hepcidin compared to wild-type littermate controls on a
low-iron diet; however, disruption of Arnt could not fully reverse
hepcidin repression following iron starvation (Figure 1A). No
significant change was observed in Hif-1aDLiv mice compared
to wild-type littermate controls on a low-iron diet for 2 weeks
(Figure 1B). Consistent with the robust decrease in hepcidin
mRNA transcripts seen in Hif-1aDLiv and ArntDLiv mice, a marked
increase in apical iron absorption genes were observed (Figures
1A and 1B). Both the iron-responsive isoform of DMT1 (DMT1
IRE) and the ferric reductase Dcytb were increased to the
same extent in Hif-1aDLiv and ArntDLiv mice compared to their
littermate controls following 2 weeks of a low-iron diet. Further-
more, no significant changes were observed in serum iron levels
(Figures 1C and 1D) or red blood cell parameters as assessed by
hematocrit, hemoglobin content, and mean cell volume (MCV) in
Hif-1aDLiv and ArntDLiv mice compared to their littermate controlsCelfollowing 2 weeks of low-iron diet (Figure S2). These results
demonstrate that even in the presence of higher hepcidin levels
in the ArntDLiv mice treated with low-iron diet for 2 weeks, the
HIF-independent decrease of hepcidin can fully mediate the
compensatory response to acute iron deficiency.
HIF Signaling Is Activated in the Small Intestine
of Iron-Deficient Mice
Iron status has been shown to regulate hepatic HIF signaling as
mice on iron-deficient diet demonstrated a significant increase
in HIF-1a protein expression (Peyssonnaux et al., 2007).
However, due to the limited role of hepatic HIF signaling in acute
iron homeostasis and given the link between hypoxia and iron
absorption (Mendel, 1961; Reynafarje and Ramos, 1961), the
potential associations between iron availability and intestinal
HIF signaling were examined. Wild-type mice fed a low-iron
diet for 2 weeks demonstrated a specific increase in HIF-2a
protein expression (Figure 2A), whereas no increase in HIF-1a
was observed (Figure 2A). Previous studies revealed that mice
with an intestine specific inactivation of VHL (VhlDIE) demon-
strated nearly 100% disruption of the Vhl allele in the colon, and
throughout the small intestine had markedly increased HIF-2a
protein expression, whereas no HIF-1a protein was detected
(Shah et al., 2008). Similar to what was observed in the colon,
VhlDIE mice exhibited a specific increase in HIF-2a protein
expression in the small intestine with a concomitant increase in
HIF target genes (Figures S3A and S3B). Therefore, to investigate
the role of intestinal HIF-2a in iron homeostasis, duodenal gene
expression profile from VhlDIE mice were compared to wild-type
mice on low-iron diets. Interestingly, 32 out of 153 genes induced
in the small intestine following low-iron diets were also increased
in the duodenum ofVhlDIE mice, and 23 out of 203 genes inhibited
following low-iron diets were also decreased in the duodenum of
VhlDIE mice (Figures 2B and Table S3). The two major apical brush
border proteins responsible for the initial absorption of iron into
the enterocytes were increased in the small intestine of VhlDIE
mice as confirmed by qPCR measurement of mRNAs in indepen-
dent samples. Ferric reductase Dcytb demonstrated nearly an
80-fold induction in the duodenum, and over a 30-fold increase
was seen with the iron-responsive DMT1 IRE, similar to that
observed in mice following 2 weeks of low-iron diet (Figure 2C).
These results suggest an important role for HIF-2a in intestinal
iron absorption.
Disruption of VHL in the Small Intestine Affects
Whole-Body Iron Homeostasis
To confirm the gene expression data, western blot analysis was
performed to quantify DcytB and DMT1 from duodenal extracts
isolated from VhlF/F and VhlDIE mice. Both DMT1 and DcytB were
increased in VhlDIE mice as compared to the littermate controls
(Figure 3A). Furthermore, a strong induction in apical staining
along the duodenal brush border was evident for both DMT1
and DcytB in VhlDIE mice as compared to littermate controls (Fig-
ures S4A and S4B). Consistent with the increase in DcytB mRNA
and protein, ferric reductase activity was increased as measured
by nitro blue tetrazolium staining of freshly isolated duodenal
samples from VhlF/F and VhlDIE mice (Figure 3B). Next, histo-
chemical staining for nonheme iron was performed. VhlF/F mice
revealed no stainable nonheme iron in duodenal enterocytesl Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc. 153
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Intestinal HIF Regulates Iron AbsorptionFigure 1. Disruption of Hif-1a or Arnt in Hepatocytes Does Not Affect Iron Homeostasis following Iron Deprivation
(A–D) qPCR analysis measuring hepcidin expression or DcytB and DMT1 IRE expression in (A) ArntDLIV or ArntF/F or (B) Hif-1aDLIV or Hif-1aF/F mice receiving
low-iron diets for 2 weeks. Expression was normalized to b-actin. Serum iron levels were measured in (C) Hif-1aDIE or Hif-1aF/F mice or (D) ArntDIE or ArntF/F
mice receiving low-iron diets for 2 weeks. Each bar represents the mean value ± SD. (*) = p < 0.05.(Figure 3C). In contrast, VhlDIE mice had abundant enterocyte
iron as visualized by blue staining along the brush border micro-
villi (Figure 3C), suggesting an increase in iron uptake from the
diet. Furthermore, an increase in serum iron levels were
observed in VhlDIE mice compared to littermate controls (Fig-
ure 3D), correlating with a significant overload of iron in the livers
of VhlDIE mice beginning as early as 2 months of age (Figure 3E).
Iron overload was also observed in the spleen, which is atypical
of mouse models of human hemochromatosis (Fleming et al.,
2002; Nicolas et al., 2001; Zhou et al., 1998), therefore suggest-
ing a hepcidin-independent mechanism. Hepcidin mRNA levels
were assessed by qPCR analysis, and no significant change
was observed from livers of VhlF/F and VhlDIE mice (Figure 3F).
In addition, no change was observed in the expression of
genes encoding proteins critical for basolateral iron export
(Figure 3F), suggesting that the robust increase in iron absorptive
genes can mediate the increase in serum iron and tissue iron
overload.
Double Disruption of HIF-1a/VHL or ARNT/VHL
in the Intestine Revealed a Major Role for HIF-2a
in Regulation of Iron Absorption Genes
To assess the influence of the HIF-dependent pathways on iron
absorption genes and iron uptake in the small intestine of VhlDIE
mice, mice with a double disruption of Vhl and Hif-1a or Vhl
and Arnt were generated. Disruption of Vhl and Hif-1a inhibits
HIF-1 heterocomplexes, but not HIF-2 heterocomplexes,
whereas inactivation of Vhl and Arnt prevents the formation
of functional HIF-1 and HIF-2. Thus, these mouse models
allow delineation of HIF-1 versus HIF-2 signaling pathways and154 Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc.
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Intestinal HIF Regulates Iron AbsorptionHIF-independent functions of Vhl. To use littermate control mice
VhlF/FHif-1aF/+ or VhlF/FArntF/+ mice hemizygous for villin-Cre
were mated, and expression of Dcytb and DMT1 IRE mRNAs
were assessed. Disruption of both VHL and HIF-1a (VhlDIEHif-
1aDIE) had no effect on the induction of Dcytb and DMT1 IRE
observed in the VHL single disrupted mice (VhlDIE) (Figure 4A),
whereas double disruption of VHL and ARNT (VhlDIEArntDIE)
completely abolished the induction of these genes observed in
VhlDIE single knockout mice (Figure 4B). Next, western analysis
was performed on duodenal extracts for DcytB and DMT1. The
double mutant VhlDIEHif-1aDIE mice had no effect on the induc-
tion of DcytB and DMT IRE protein expression observed in VhlDIE
mice, whereas the induction observed in the VhlDIE mice was
completely eliminated in the VhlDIEArntDIE mice (Figure 4C).
Induction of ferric reductase activity in the duodenum of VhlDIE
was ameliorated in VhlDIEArntDIE, whereas no effect was
observed in the VhlDIEHif-1aDIE mice (Figure 4D). An increase in
nonheme iron was evident in the duodenum VhlDIEHif-1aDIE
Figure 2. Hif-2a Modulates Iron-Regulated Genes in the Small Intestine
(A) Western blot analysis duodenal epithelial cells in wild-type C57BL/6 mice receiving low-iron diets for 2 weeks. Expression was normalized to HNF4a protein
expression. Nuclear lysate from HCT116 cells treated with 1% O2 for 24 hr were used as a positive control (+Ctrl).
(B) Global gene expression profiling was assessed in duodenal RNAs isolated from VhlF/F and VhlDIE mice or wild-type mice receiving low-iron diets for 2 weeks.
(C) qPCR analysis of selected genes in duodenal epithelial cells from VhlF/F and VhlDIE mice or wild-type C57BL/6 mice receiving low-iron diets for 2 weeks.
Expression was normalized to b-actin, and each bar represents the mean value ± SD. (*) = p < 0.05.Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc. 155
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Intestinal HIF Regulates Iron AbsorptionFigure 3. HIF Signaling Activates Iron Absorption Genes in the Duodenum
(A) Western blot analysis in duodenal epithelial cells. Expression was normalized to GAPDH protein expression.
(B) Ferric reductase assays in freshly isolated duodenum from VhlF/F and VhlDIE mice. The purple stain represents increased ferric reductase activity.
(C) Prussian blue iron staining in paraffin-embedded duodenal section from VhlF/F and VhlDIE mice. The blue stain represents accumulation of nonheme iron.
(D) Serum iron analysis from VhlF/F and VhlDIE mice. Each bar represents the mean value ± SD. (*) = p < 0.05.
(E) Prussian blue iron staining in paraffin-embedded liver and spleen sections from VhlF/F and VhlDIE mice.
(F) qPCR analysis of selected genes in liver or duodenal epithelial cells from VhlF/F and VhlDIE mice. Expression was normalized to b-actin, and each bar represents
the mean value ± SD.mice and abolished in VhlDIEArntDIE mice (Figure 4E). Consistent
with these data, an increase in serum iron and hepatic and
splenic iron were observed in VhlDIEHif-1aDIE mice and not de-
tected inVhlDIEArntDIE mice (Figures 4F and 4G) (data not shown).
Together, this data demonstrate that the HIF-2 complex is a
critical regulator of duodenal iron transport.
HIF Regulates DMT1 and DcytB in the Duodenum by
Directly Binding to the Regulatory Regions In Vivo
DMT1 mRNA levels are increased in the duodenum of iron-
deficient animals. This regulation has been observed for DMT1
mRNA containing a 30UTR iron-responsive element, DMT IRE,
but not for the isoform lacking the IRE, DMT1 NON-IRE156 Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc.
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Intestinal HIF Regulates Iron AbsorptionFigure 4. Intestine-Specific Disruption of Vhl Increases Iron Absorption through a HIF-Dependent Mechanism
(A and B) qPCR analysis measuring DMT1 IRE and DcytB expression in RNA from duodenal epithelium. Expression was normalized to b-actin, and each bar
represents the mean value ± SD. (*) = p < 0.05.
(C) Western blot analysis measuring DMT1 and DcytB expression in duodenal epithelial cells. Expression was normalized to GAPDH protein expression.
(D) Ferric reductase assay in freshly isolated duodenum.
(E) Prussian blue iron staining in paraffin-embedded duodenal sections.
(F) Serum iron analysis, and each bar represents the mean value ± SD. (*) = p < 0.05.
(G) Prussian blue iron staining in paraffin-embedded liver.(Eisenstein and Ross, 2003; Gunshin et al., 2001). To assess if
DMT1 NON-IRE is also induced in the small intestine of VhlDIE
mice, qPCR was performed. Only a small increase in DMT1
NON-IRE mRNA was observed (Figure S3C), demonstrating
that the DMT1 IRE is the predominant isoform induced by HIF-
2. In addition to the 30UTR variants of DMT1, this gene also
contains two 50 processing variants: DMT1A and DMT1B tran-
scribed from two distinct regulatory regions (Hubert and Hentze,
2002). To assess which regulatory region was controlled by HIF,
primers were designed to specifically amplify DMT1A IRE or
DMT1B IRE isoforms. Using semiquantitative RT-PCR, an
increase in the DMT1A IRE isoform was shown, whereas no regu-
lation of the DMT1B IRE isoform was observed in the duodenum
of VhlDIE mice, similar to the regulation observed in 2-week low-
iron treated mice (Figure S3D). The upstream sequence from
the transcription initiation site of Dmt1a contained two putativeCell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc. 157
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Intestinal HIF Regulates Iron AbsorptionFigure 5. HIF-2a Directly Binds to the Endogenous Promoters of DMT1A and DcytB
(A–F) Schematic diagram of the (A) Dmta1 and (C) Dcytb promoter illustrating the HREs in the regulatory region; the upstream regions are numbered in relation to
the transcription initiation site, which is designated +1. Luciferase-reporter constructs under the control of the regulatory region of the mouse (B) DMT1A and (D)
DcytB gene. HCT116 cells transiently transfected with the luciferase construct, and cotransfected with empty vector, HIF-1a or HIF-2a expression plasmids.
Standard dual luciferase assays were performed on cell extracts as described in the Experimental Procedures. Each bar represents the mean value ± SD.
(*) = p < 0.05 compared to control incubated cells. (y) = p < 0.05 compared to HIF-2a transfected cells. In vivo ChIP assays on duodenal extracts from
VhlF/F and VhlDIE mice using primers amplifying both HREs of (C) DMT1A or primers flanking HRE1 and HRE2 of (F) DcytB.HIF response elements (HRE) (Figure 5A). The upstream se-
quence of Dmt1a encompassing both HREs was analyzed by
transient transfection using a luciferase reporter construct.
When the Dmt1a promoter luciferase construct was transfected
into intestine-derived HCT116 cells, hypoxia (1% O2) induced
luciferase expression (Figure 5B). Cotransfection with a mamma-
lian expression plasmid for HIF-1a did not significantly increase
luciferase expression, while cotransfection with HIF-2a expres-
sion plasmid strongly increased the luciferase expression. The
HIF-2a increase in luciferase expression was further potentiated
in cells incubated in 1% O2, thus demonstrating HIF-2a as the
major isoform regulating the Dmt1a, and the 50 deletion analysis
suggest that both HREs are functional. Chromatin immunopre-
cipitation (ChIP) assays were performed in crosslinked soluble
chromatin isolated in duodenal samples from VhlF/F or VhlDIE
mice. Using primers flanking both HREs specifically amplified158 Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc.
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mice, demonstrating that HIF-2a is able to bind the Dmt1a regu-
latory region in vivo (Figure 5C). Similar to Dmt1a regulatory
region the DcytB promoter sequence revealed the presence of
two HREs (Figure 5D), and the promoter region of the mouse
Dcytb encompassing both HREs was analyzed by transient
transfection using a luciferase reporter construct. When the
DcytB promoter luciferase construct was transfected into
HCT116 cells, hypoxia and cotransfection of HIF-2a induced
luciferase expression, whereas cotransfection with a mammalian
expression plasmid for HIF-1a did not significantly increase lucif-
erase expression. The HIF-2a increase in luciferase expression
was further potentiated in cells incubated in 1% O2, thus demon-
strating HIF-2a as the major isoform regulating the Dcytb
promoter, and the 50 deletion analysis reveal a functional role
for both HREs is Dcytb regulation (Figure 5E). Next, ChIP assays
were performed using crosslinked soluble chromatin isolated
from duodenal samples from VhlF/F or VhlDIE mice. Primers flank-
ing HRE1 or HRE2 specifically amplified DNA sequence immuno-
precipitated by HIF-2a antibody in VhlDIE mice, thus demon-
strating that HIF-2a is able to bind the DcytB regulatory region
at both the HREs in vivo (Figure 5F).
HIF-2 Signaling Is Required for Iron Absorption
following Iron Deficiency
The data thus far have shown that low-iron diet induced HIF-2
signaling, and overexpression of HIF-2a in the duodenum regu-
lated iron absorption genes and increased iron uptake in the
duodenum. However, it is unclear whether HIF signaling is
required for the adaptive induction of DMT1 and DcytB following
iron starvation. To address this issue, mice with an intestine
specific disruption of HIF-1a (Hif-1aDIE) or ARNT (ArntDIE) were
placed on a low-iron diet for 2 weeks, and the expression of
DcytB and DMT1 IRE mRNAs were assessed. Intestinal disrup-
tion of HIF-1a (Hif-1aDIE) had no effect on induction of DcytB
and DMT IRE following 2 weeks of low-iron diet (Figure 6A),
whereas intestinal disruption of Arnt (ArntDIE) completely in-
hibited the induction observed in littermate control mice (ArntF/F)
(Figure 6B). In duodenal extracts, a robust induction of DcytB
and DMT1 protein expression was observed in ArntF/F mice
following 2 weeks of low-iron diet, whereas intestine-specific
disruption of the Arnt gene eliminated the induction of DcytB
and DMT1 protein expression following 2 weeks of low-iron
diet (Figure 6C). The Hif-1aDIE and ArntDIE mice demonstrated
a dramatic repression of hepcidin expression, indicating that
the abrogated intestinal response to low-iron diet in ArntDIE
mice was not due to dysregulation of hepatic hepcidin expres-
sion (Figure S5). A significant decrease in serum iron levels
were observed in ArntDIE mice following low-iron diet compared
to iron-starved littermate controls (Figure 6D). The dramatic drop
in serum iron levels corresponded to decreased hematocrit
levels, red blood cell size (MCV), and hemoglobin content in
ArntDIE mice compared to littermate controls on low-iron diet
(Figure 6E). No change in serum iron levels or hematological
parameters were seen in Hif-1aDIE mice compared to littermate
control mice on a low-iron diet (data not shown). ARNT is also
an obligate heterodimer for the aryl hydrocarbon receptor
(AHR). To discriminate the influences of the HIF-dependent path-
ways from AHR pathways regulated by ARNT, Ahr-null miceCewere given low-iron diet for 2 weeks. Disruption of Ahr had no
effect on the induction of DcytB and DMT IRE mRNA expression
following 2 weeks on low-iron diet (Figure S6), and did not
demonstrate changes in serum iron levels or red blood cell
parameters compared to their littermate controls (data not
shown). Together these data demonstrates that HIF-2 signaling
in the intestine is critical for the proper adaptive response to
iron deficiency.
DISCUSSION
The present results reveal a role for HIF-2a as a transcription
factor that regulates the expression of genes involved in iron
uptake and as a critical transcription factor in the compensatory
increase in iron absorption following iron deficiency. These
conclusions are based on the following results: (1) iron starvation
strikingly induced HIF-2a protein expression in the small intes-
tine; (2) overexpression of HIF-2a in the small intestine increased
the expression of the DMT1 and DcytB, two major apical
membrane proteins involved in the mobilization of iron into
enterocytes; (3) disruption of intestinal Arnt inhibited the
induction of iron transport genes following iron starvation in a
HIF-2a-dependent manner, and (4)ArntDIE mice on low-iron diets
demonstrated a dramatic decrease in serum iron levels, RBC
size, hemoglobin, and hematocrit content, suggestive of micro-
cytic anemia. These data established a working model for iron
absorption in which low iron levels decreased the expression
hepatic hepcidin and stabilized the expression of FPN, thereby
mobilizing iron into circulation and leaving the enterocyte in an
iron-deficient state. The decreased local iron concentration in-
hibited PHD activity and increased HIF-2a expression. The acti-
vation of HIF-2 signaling induced the expression of DMT1 and
DcytB and upregulated transport of iron into the small intestine
(Figure 7).
Targeted disruption of the Dcytb gene suggests that addi-
tional ferric reductase genes exist (Gunshin et al., 2005b);
however, DcytB remains the only known iron-regulated reduc-
tase in the duodenum. Reduction of iron is required for transport
through DMT1, due to the selectivity for ferrous iron. Previous
studies have demonstrated that DcytB increases iron uptake
into intestinal cell lines (Latunde-Dada et al., 2008). Studies in
humans have demonstrated duodenal ferric reductase activity
as an important factor in the regulation of intestinal iron
absorption in healthy individuals and those with altered iron
metabolism (Atanasova et al., 2005). The mechanism by which
DcytB was induced following iron deficiency was hitherto
unknown. The results presented herein demonstrate that a
decrease in nutritional iron regulated DcytB expression via a
HIF-2-dependent pathway by direct binding of HIF-2a to two
consensus HRE elements in the regulatory region of the DcytB
promoter.
Following reduction of iron to the ferrous form, DMT1 trans-
ports iron into the enterocyte, and its critical role in iron homeo-
stasis is evident by the severe microcytic anemia observed in
DMT1 mutant Belgrade rats (Fleming et al., 1998) and microcytic
(mk) mice (Fleming et al., 1997). In addition, conditional disruption
of Dmt1 in the intestine led to severe anemia and demonstrated
DMT1 as a major regulator for iron entry into the small intestine
(Gunshin et al., 2005a). The DMT1 IRE isoform was dramaticallyll Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc. 159
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Intestinal HIF Regulates Iron AbsorptionFigure 6. Inactivation of ARNT Abolishes the Intestinal Response to Low-Iron Diets
(A and B) qPCR analysis measuring DcytB and DMT1 IRE mRNA expression in duodenal epithelial cells in (A)Hif-1aDIE orHif-1aF/F mice or (B)ArntIE orArntF/F mice
receiving low-iron diets for 2 weeks.
(C) Western blot analysis measuring DcytB and DMT1 expression from duodenal epithelial cells in ArntIE or ArntF/F mice receiving low-iron diets for 2 weeks.
(D) Serum iron analysis from ArntIE or ArntF/F mice receiving low-iron diets for 2 weeks.
(E) Red blood cell analysis from ArntIE or ArntF/F mice receiving low-iron diets for 2 weeks. Each bar represents the mean value ± SD. (*) = p < 0.05.induced upon iron starvation. IREs are found in either the 50UTR
or 30UTR of transcripts, and are highly conserved binding sites
for iron regulatory proteins (IRP). IRPs regulate protein expres-
sion posttranscriptionally by either altering mRNA stability or
protein translation (Pantopoulos, 2004; Rouault, 2006). Mice
lacking both IRP1 and IRP2 in the intestine demonstrated an
inhibition of mRNA encoded by the IRE-containing isoform of
DMT1 (Galy et al., 2008). These results suggest that IRPs regulate
the basal expression of DMT1; however, the precise molecular
mechanisms by which the IRPs control DMT1 expression upon
iron deficiency remained to be determined. In cell lines, iron regu-
lation of DMT1 expression was shown to be through a
transcriptional mechanism, and the IRE for DMT1 did not alter
mRNA stability when placed at the 30 end of a constitutively
expressed mRNA (Tchernitchko et al., 2002; Zoller et al., 2002).
The present study demonstrates HIF-2a as a critical transcrip-
tional regulator of DMT1 via direct binding to the regulatory region
of Dmt1. In addition, the induction of the DMT1 IRE isoform by
iron depletion was completely dependent on HIF-2, suggesting
molecular crosstalk between HIF-2 and IRP signaling, where160 Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc.
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IRE isoform and HIF-2 is required for transcriptional response to
low iron.
Disruption of HIF-1 and HIF-2 signaling in hepatocytes did not
influence the susceptibility to iron deficiency. However, it should
be noted that a previous study demonstrated that overexpres-
sion of HIF-1a and HIF-2a directly suppressed hepcidin levels.
This study revealed that feeding low-iron diets to mice lacking
expression of hepatic HIF-1a resulted in significantly higher hep-
cidin than in wild-type littermates (Peyssonnaux et al., 2008).
However, the present study did not reveal differences in hepcidin
levels compared to littermate controls in the Hif-1aDLIV mice
following low-iron diet treatment; the slight differences in genetic
background of the mouse lines used may explain this discrep-
ancy. However, low-iron treatment of ArntDLIV mice expressed
5-fold more hepcidin than wild-type littermates, indicating that
disruption of HIF-1 and/or HIF-2 regulates hepcidin repression
during iron deficiency, consistent with a previous study (Peys-
sonnaux et al., 2007). Similar to that observed with HIF-1a
liver-deficient mice, disruption of Arnt in hepatocytes was insuf-
ficient to reverse the repression mediated by an iron-deficient
diet. Furthermore, in Hif-1aDLiv and ArntDLiv mice, no significant
changes were observed in the expression of apical iron absorp-
tion genes, serum iron levels, or hematological parameters
following 2 weeks of low-iron diets compared to similarly treated
wild-type littermates. Due to the central role of hepcidin in iron
homeostasis, it is not surprising that other transcription factors
may contribute or have redundant roles in the regulation hepcidin
following iron deficiency. Recently, several factors were shown
to regulate hepcidin, such as BMP/SMAD, STAT, and CEBP/a
Figure 7. Intestinal HIF-2 Activates Iron
Uptake into the Small Intestine
(A) Under iron-replete conditions basal iron
absorption and export maintain iron homeostasis.
Iron export is inhibited through high basal expres-
sion of hepcidin and hepcidin-mediated internali-
zation and degradation of FPN. Iron uptake is
limited due to decreased expression of absorptive
genes.
(B) Under iron-deficient conditions, decreased
hepcidin expression stabilizes FPN expression
resulting in increased iron export. HIF-2a activates
iron absorptive genes leading to increased iron
uptake into the intestine.
(Babitt et al., 2006, 2007; Courselaud
et al., 2002; Verga Falzacappa et al.,
2007; Wang et al., 2005; Xia et al., 2008);
whether these factors interact to regulate
hepcidin transcription requires additional
work to ascertain.
Intestinal disruption of Vhl via a HIF-
dependent mechanism led to an increase
in serum iron and hepatic and splenic iron
overload at 2 months of age. Tissue iron
deposition was observed only in the liver
and spleen; however, older mice will be
assessed in the future. The present data
suggest that the iron overload was inde-
pendent of the hepcidin-ferroportin axis and therefore due to
an increase in expression of iron absorptive genes. A recent
study demonstrated that improper degradation of DMT1 led
to overexpression of DMT1 and iron overload (Foot et al.,
2008). Furthermore, the importance of iron absorption in iron
overload was shown in HFE/ mice. HFE/ mice demonstrate
a systemic increase in iron; however, crossing the HFE/ mice
to mice carrying a mutation in DMT1 significantly decreased iron
accumulation (Levy et al., 2000). Hereditary hemochromatosis
(HH) is a human iron overload disease most commonly due to
a mutation in the Hfe gene. The mutation in Hfe gene is the
most prevalent genetic disorder. Interestingly, HH penetrance
is low, indicating modifying genes critical for the pathogenesis
of HH (Beutler, 2003). The pattern of iron accumulation in VhlDIE
mice differ from mouse models of HH; however, any mechanism
that increases iron absorption genes could potentially be
involved in the pathogenesis of HH.
In the VhlDIE mice, HIF-2a acts as the predominant tran-
scription factor regulating the HIF pathways, which is consis-
tent with several other studies demonstrating that loss of
VHL preferentially activates HIF-2 signaling (Boutin et al.,
2008; Carroll and Ashcroft, 2006; Rankin et al., 2007). Using
the VhlDIE mice and other genetic HIF-1a and ARNT mouse
models, the present study demonstrates that HIF-2a domi-
nates in the regulation of intestinal iron absorptive genes
through preferential association of the HIF-2 heterocomplex
to endogenous HREs. The present study provides a mecha-
nistic basis for a novel therapeutic approach for the treatment
of iron-related diseases through regulating HIF signaling in the
intestine.Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier Inc. 161
Cell Metabolism
Intestinal HIF Regulates Iron AbsorptionEXPERIMENTAL PROCEDURES
Luciferase Assay
The mouse DcytB and DMT1A luciferase reporter plasmid was constructed
by cloning the upstream regions using primers listed in Table S4. The PCR
fragments were cloned into the NheI and KpnI restriction sites in the
pGL3-basic vector (Promega, Madison WI). These luciferase reporters were
transfected into HCT116 cells with Fugene 6 (Invitrogen). For hypoxia treat-
ment, HCT116 cells were incubated for 24 hr in a water-jacketed CO2 incu-
bator containing 1% O2, 5% CO2, and 94% nitrogen gas. Standard dual
luciferase assay was used and normalized to a cotransfected control reporter
(Promega).
Animals and Diets
VhlF/F (Haase et al., 2001), VhlDIE (Shah et al., 2008), Hif-1aF/F (Tomita et al.,
2003), Hif-1aDIE (Ito et al., 2007), ArntF/F (Tomita et al., 2000), ArntDIE (Ito
et al., 2007), Ahr wild-type and Ahr null mice (Fernandez-Salguero et al.,
1995) were previously described. The VhlF/F and VhlDIE are in a mixed Sv129
and C57BL/6 background. The Hif-1aF/F, Hif-1aDIE, ArntF/F, and ArntDIE mice
were backcrossed to C57BL/6 five generations. For hepatocyte disruption of
HIF-1a and ARNT,Hif-1aF/F andArntF/F mice were crossed with mice harboring
the Cre recombinase under control of the albumin promoter and backcrossed
to C57BL/6 5 generations. The mice were used between the ages of 6–8 weeks
old for all experiments. The mice were housed in temperature- and light-
controlled rooms, and were given water and pelleted NIH-31 chow ad libitum.
In the low-iron studies, mice were given iron-replete AIN93G diets containing
(250 ppm iron) or iron-deficient AIN93G diets (5 ppm iron) for 2 weeks (Dyets,
Bethlehem, PA). All animal studies were carried out in accordance with Institute
of Laboratory Animal Resources guidelines and approved by the National
Cancer Institute Animal Care and Use Committee.
Southern Blot Analysis
Southern blot analysis and probes were previously described (Tomita et al.,
2000, 2003).
RNA Analysis
qPCR was performed using primer sequences listed in Table S4. For
semiquantitative PCR, cDNA was amplified using primers listed in Table S4,
electrophoresed on a 1% agarose gel, and visualized by ethidium staining.
Western Blot Analysis
Small intestine epithelium was lysed using RIPA buffer for whole cell extract or
lysed using the NE-PER nuclear extraction kit (Pierce; Rockford, IL) for nuclear
lysate. For detection of DcytB, proteins extracts were mixed with 23 sample
buffer and incubated at 65C; for all other antibodies used, the samples
were boiled for 5 min and then separated and transferred to nitrocellulose
membranes using standard western blotting techniques. The membranes
were incubated with an antibody against HIF-1a, HIF-2a (Novus Biologicals;
Littleton, CO), DMT1, DcytB (Alpha Diagnostic International; San Antonio,
TX); the signals obtained were normalized to GAPDH (Millipore, Temecula,
CA) for whole cell extract and HNF4a (Santa Cruz Biotechnology, Inc.; Santa
Cruz, CA) for nuclear extract.
cDNA Microarray Analysis
Dye-coupled cDNAs were purified with a MiniElute PCR Purification Kit
(QIAGEN) and hybridized to an Agilent 44 K mouse 60-mer oligo microarray
(Agilent Technologies; Santa Clara, CA). The procedures were repeated for
replicate experiments with independent hybridization and processing. The
data were processed and analyzed by a Genespring GX software package
(Agilent Technologies).
Reductase Assay
The duodenum was removed, opened lengthwise, and rinsed with 150 mM
NaCl. One mm duodenal sections were incubated at 37C in 200 ml of 1 mM
nitrotetrazolium blue chloride (Sigma; St. Louis, MO) in incubation buffer
(125 mM NaCl, 3.5 mM KCl, and 16 mM HEPES/NaOH [pH 7.4]) for 5 min. After
incubation, tissues were rinsed twice with 150 mM NaCl and photographed
with a dissecting microscope.162 Cell Metabolism 9, 152–164, February 4, 2009 ª2009 Elsevier InImmunohistochemistry
Five microgram sections were cut, deparaffinized with xylene, and hydrated in
an ethanol gradient. Immunohistochemical analysis was performed with DMT1
and DcytB antibodies (Alpha Diagnostic International) by a streptavidin-biotin
immunoperoxidase method. The signal was visualized by diaminobenzidine
staining (DAKO; Carpinteria, CA) and counterstained with hematoxylin. Tissue
iron detection was performed in formalin fixed paraffin embedded sections
stained with Perls Prussian blue and nuclear fast red counter stain.
Serum Iron and Hematological Analysis
Routine erythrocyte analysis was performed by The National Institutes of
Health Clinical Center and serum iron was analyzed by the QuantiChrom
Iron Assay Kit (Bioassay Systems, Hayward CA) using the manufacturer
protocol.
ChIP Assay
Duodenal epithelium scrapings were crosslinked in 1% formaldehyde in 1X
PBS at 37C for 20 min. Nuclei were isolated using the NE-PER nuclear extrac-
tion kit (Pierce) and lysed in a SDS lysis buffer (50 mM Tris-HCl [pH 8.1], 10 mM,
EDTA, 1% SDS, and protease inhibitors). Chromatin was sheared in a chilled
Bioruptor (Diagenode, Liege, Belgium), and the nuclei lysate was cleared by
centrifugation at 16,000 g for 15 min. The soluble chromatin was immunopre-
cipitated with primary antibody for HIF-2a (Novus Biologicals). The decros-
slinked samples were incubated with RNase A and proteinase K. DNA was
purified using phenol/chloroform/isoamyl alcohol extraction, and 2 mL of
sample was used for PCR using primers listed in Table S4.
Data Analysis
Results are expressed as mean ± SD. P values were calculated by Indepen-
dent t test. p < 0.05 was considered significant.
SUPPLEMENTAL DATA
Supplemental Data include four tablesand six figures and can be foundonline at
http://www.cell.com/cellmetabolism/supplemental/S1550-4131(08)00419-1.
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